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An  electrochemical  genosensor  was  constructed  for detection  of  speciﬁc  DNA  sequence  of  the  hepatitis
B virus,  based  on  graphite  electrodes  modiﬁed  with  poly(4-aminophenol)  and  incorporating  a  speciﬁc
oligonucleotide  probe.  The  modiﬁed  electrode  containing  the  probe  was  evaluated  by  differential  pulse
voltammetry,  before  and  after  incubation  with  the  complementary  oligonucleotide  target.  Detection
was  performed  by  monitoring  oxidizable  DNA  bases  (direct  detection)  or using  ethidium  bromide  aseywords:
FM
iosensor
epatitis B
odiﬁed electrode
olymer
indicator  of the  hybridization  process  (indirect  detection).  The  device  showed  a detection  limit  for  the
oligonucleotide  target  of 2.61 nmol  L−1. Indirect  detection  using  ethidium  bromide  was  promising  in
discriminating  mismatches,  which  is  a very  desirable  attribute  for detection  of disease-related  point
mutations.  In addition,  it was  possible  to observe  differences  between  hybridized  and  non-hybridized
surfaces  by atomic  force  microscopy.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
The liver is essential to human life, performing important tasks
uch as processing nutrients, producing bile, removing toxins from
he body and synthesizing proteins. Inﬂammation of the liver, i.e.,
epatitis, impairs these functions and leads to jaundice, loss of
ppetite, fatigue and muscle and joint pain [1,2].
Among the diseases affecting the liver is hepatitis B, which is
n infectious disease caused by the hepatitis B virus (HBV). Hep-
titis B is a global health problem [2–5], with approximately 2
illion people infected and 400 million with the chronic form. It
s estimated that hepatitis B causes between 600,000 and 1 million
eaths each year. Approximately one-third of the world’s popula-
ion shows serological evidence of past or present infection with
he hepatitis B virus, making it one of the most common human
athogens [2–9].
The effects of this disease are variable, ranging from an inactive
arrier state to progressive chronic hepatitis, which may  lead to
irrhosis and hepatocellular carcinoma [6–11].
Monitoring patients is important for the prevention of acute
elapse [12]. Diagnosis of hepatitis B infection is based on
∗ Corresponding author. Tel.: +55 34 32182203; fax: +55 34 32182203.
E-mail address: agbrito@iqufu.ufu.br (A.G. Brito-Madurro).
ttp://dx.doi.org/10.1016/j.apsusc.2014.06.084
169-4332/© 2014 Elsevier B.V. All rights reserved.serological tests. These tests detect markers of liver injury, for
example liver enzymes, and are used together with the polymerase
chain reaction (PCR) [3]. These tests are efﬁcient, but require
expensive equipment, trained technicians and long analysis times.
Thus, research into biosensors has great signiﬁcance for the
development of simple technologies capable of rapid and precise
diagnosis [13–17]. Biosensors, with their great potential for minia-
turization and selective diagnosis, are versatile and efﬁcient, and
may  eventually become standard in laboratory testing and even in
medical clinics [18].
The detection of pathogen DNA has great value in the diag-
nosis of several viral and bacterial illnesses. DNA biosensors
(genosensors) have been reported for pathogens including human
papillomavirus (HPV) [19,20], human immunodeﬁciency virus
(HIV) [21,22], hepatitis C [23], dengue virus [24], Hansen bacillus
[25], Epstein Barr virus [26] and others.
A variety of biosensors have been proposed for the detection of
DNA sequences including optical [27], piezoelectric [28] and elec-
trochemical [29] transduction. Electrochemical detection of nucleic
acids has attracted interest because of its high sensitivity and the
use of relatively inexpensive instruments [30].Electrochemical DNA biosensors consist of a DNA probe immo-
bilized onto the electrode surface. This probe binds to a speciﬁc
target DNA sequence, generating an electrical signal [31]. This sig-
nal can be detected directly, using label-free detection via oxidation
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18 L of 0.063 × 10−6mol  L−1 poly(GA) or HepB1 onto the modi-
ﬁed electrodes, followed by drying at room temperature (25 ± 1 ◦C)
in a desiccator for 5 min. The electrode was immersed for 30 s in
water, then for 2 h in bovine serum albumin solution (0.5%) as74 A.C. Honorato Castro et al. / Appli
f the nucleotides in the DNA probe [32,33], or indirectly, using an
ndicator of the hybridization process [34,35].
The use of conductive polymer ﬁlms can improve the interaction
f the electrode with the biomolecule probe by modiﬁcation of the
lectrode surface, and also protect the electrode against adsorption
f nonspeciﬁc analytes [17,36–39].
Our research group has reported the modiﬁcation of electrodes
ith functionalized polymers derived from aminophenols [40–43],
yramine [44], hydroxybenzoic acid [45], hydroxyphenylacetic acid
46,47] and methoxyphenethylamine [48]. We  have also applied
he modiﬁed electrodes in the immobilization and detection of
iomolecules [24,25,49–51].
The successful immobilization of biomolecules on these poly-
eric matrices depends on the presence of particular functional
roups (amino, hydroxyl and/or carboxylic acid), which facilitate
lectropolymerization and increase the retention of biomolecules
25].
To the best of our knowledge, this is the ﬁrst report of a
enosensor for the detection of a speciﬁc DNA sequence of the hep-
titis B virus using direct or indirect electrochemical transduction,
ased on a graphite electrode modiﬁed with a poly(4-aminophenol)
atrix.
. Experimental
.1. Materials
All reagents used were of analytical grade, and were
sed without puriﬁcation. All solutions were made up using
igh-purity water from a Master System (Gehaka, Brazil, resis-
ivity = 18.2 M cm). Oligonucleotides were synthesized by
nvitrogen Life Technologies (USA). The oligonucleotides had the
ollowing sequences: poly(GA) probe: 5′-GGGGGGGGAAAAAAAA-
′, poly(CT) target: 3′-CCCCCCCCTTTTTTTT-5′, HepB1
robe: 5′-GAGGAGTTGGGGGAGCACATT-3′, HepB2 target 5′-
ATGTGCTCCCCCAACTCCTC-3′, non-complementary DNA
NonHepB) 5′-CGGTGTTGTCCCATTTGTTCT-3′, and three-
ase mismatches for hepatitis B virus DNA (Mis3HepB)
′-AATGTGCTCTTTCAACTCCTC. Stock solutions of DNA probe
nd target were prepared in SSC buffer (pH 7.0, sodium chloride
.3 mol  L−1 and sodium citrate 0.03 mol  L−1, Sigma–Aldrich, USA)
nd stored at −12 ◦C. Negative serum and positive serum from
atient with HBV infection were obtained from the Adolfo Lutz
nstitute.
4-Aminophenol was purchased from Acros Organics (Belgium);
erchloric acid (70%) was obtained from Sigma–Aldrich (USA);
thidium bromide was purchased from Merck KGaA (Germany). For
etection, 0.1 mol  L−1 phosphate buffer was prepared (Na2HPO4
.061 mol  L−1, NaH2PO4 0.039 mol  L−1, pH 7.4). All solutions were
eoxygenated by ultra-pure nitrogen bubbling for at least 45 min
efore use. All reagents were used without further puriﬁcation.
xperiments were conducted at room temperature (25 ± 1) ◦C.
.2. Apparatus
Electrochemical polymerization and measurement were per-
ormed in a potentiostat (CH Instruments model 760 ◦C, USA) with a
hree-compartment electrochemical cell. A graphite disk (6.15 mm
iameter, purity 99.9995%) from Alfa Aesar was used as working
lectrode. A platinum plate and silver/silver chloride (3.0 mol  L−1)
ere used as auxiliary and reference electrodes, respectively.
ilm morphology in the absence or presence of biomolecules was
ssessed by atomic force microscopy (AFM) (Shimadzu SPM 9600,
apping mode).face Science 314 (2014) 273–279
2.3. Preparation of the graphite electrode
Graphite disk (6 mm  in diameter and ∼2 mm in height) was
bonded with silver epoxy on brass basis into a teﬂon cylinder to
establish electrical contact. The space between the graphite and the
teﬂon was  ﬁlled with epoxy. After drying, the surface was  polished
with sandpaper and aluminum oxide.
2.4. Preparation of graphite electrode modiﬁed with
poly(4-aminophenol)
The monomer employed for the polymerization reaction was
4-aminophenol 97.5% purchased from Acros Organics and HClO4
solution (0.5 mol  L−1). Ultrapure water (18.2 M cm)  from the sys-
tem Milipore-Mili-Q plus, was employed in all experiments. A
three compartment electrochemical cell of 25 mL capacity was
used for all electrochemical experiments. The experiments to
electropolymerization of poly(4-aminophenol) were performed at
room temperature. The graphite electrodes were polished with alu-
minum oxide (0.3 m),  before each electrochemical assay. After
polishing, the electrode was  rinsed with water from a Millipore
Milli-Q system. The electrodes were then sonicated in ultrasound
bath and rinsed again with water.
The monomer solutions were deoxygenated with ultra pure
nitrogen for ca. 45 min  prior to electropolymerization. Poly(4-
aminophenol) ﬁlms were grown by potentiodynamic deposition
on graphite electrodes from solution containing 4-aminophenol
(2.5 × 10−3 mol  L−1). HClO4 solution (0.5 mol  L−1) was used for
all experiments [43]. After electropolymerization, the modiﬁed
electrode was rinsed with deionized water to remove unreacted
monomers.
2.5. Preparation of electrochemical genosensor
The detection procedure employed the following steps: elec-
trode modiﬁcation, hybridization, washing, and electrochemical
transduction (Fig. 1).
2.5.1. Immobilization of oligonucleotide probes on modiﬁed
graphite electrode
Immobilization of oligonucleotides was performed by droppingFig. 1. Schematic representation of the biosensor format used in this study.
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Fig. 3. Differential pulse voltammograms of ethidium bromide onto graphite elec-
trode modiﬁed with poly(4-aminophenol) prepared in pH 0.5 (baseline-corrected),
100 potential scans, containing poly(GA) before (a) or after incubation with non-
complementary poly(GA) (b) or complementary target poly(CT) (c). Electrolyte:
−1A.C. Honorato Castro et al. / Appli
locking agent at 37 ◦C. The electrode was then washed in phos-
hate buffer solution and dried with ultra-pure nitrogen.
.5.2. Hybridization-based detection of oligonucleotides
mmobilized on poly(4-aminophenol)
After immobilization of the oligonucleotide probes [poly(GA) or
epB1], 18 L of different concentrations of oligonucleotide targets
ere applied on the modiﬁed electrodes: poly(CT) (0.18 × 10−6,
.6 × 10−6, 1.0 × 10−6, 1.6 × 10−6 and 1.8 × 10−6 mol  L−1) or HepB2
1.89 × 10−9, 1.89 × 10−8, 3.78 × 10−8, 7.56 × 10−8, 1.89 × 10−7 and
.89 × 10−6 mol  L−1). Hybridization was performed at 42 ◦C or 55 ◦C
ith poly(CT) or HepB2, respectively, for 15 min. The electrodes
ere then rinsed by immersion in deionized water for 30 s under
gitation. For detection, ethidium bromide (2.0 × 10−2 mol  L−1,
5 L) was added to electrode surface.
.5.3. Analysis of sera using the genosensor
The measurements of the hybridization of the poly(4-
minophenol):HepB1 with the targets were done using negative
nd positive serum (viral charge high) para HBV. Hybridization
as performed at 55 ◦C with negative and positive serum, for
5 min. The electrodes were then rinsed by immersion in deion-
zed water for 30 s under agitation. For detection, ethidium bromide
2.0 × 10−2 mol  L−1, 15 L) was added to the electrode surface.
. Results and discussion
The immobilization of DNA probes on the electrode sur-
ace is of great importance in the fabrication of genosensors.
he modiﬁcation of the electrodes with DNA was evaluated by
ifferential pulse voltammetry, based on the changes in the
lectrochemical responses for adenosine and guanosine due to
ybridization. Fig. 2 shows voltammograms of a graphite/poly(4-
minophenol)/poly(GA) electrode in the absence or presence of
on-complementary or complementary targets.
The oxidation peaks for guanosine and adenosine were observed
t about +0.92 and +1.18 V vs. Ag/AgCl, respectively. After interac-
ion, the amplitudes of the peak oxidation currents for guanosine
nd adenosine decreased after incubation (15 min), indicating that
ybridization had occurred.
These results are consistent with a prior report [52] that dur-
ng oligonucleotide hybridization, hydrogen bonds form between
omplementary sequences, creating a duplex inside which it is
ore difﬁcult to oxidize the bases. This decreases the peak oxi-
ation current of guanosine and adenosine after hybridization.
ig. 2. Differential pulse voltammograms of graphite electrode modiﬁed with
oly(4-aminophenol) prepared in pH 0.5 (baseline-corrected), 100 potential scans,
ontaining poly(GA): before hybridization (a), and after 15 min  of incubation with
omplementary target poly(CT) (b), or non-complementary poly(GA) (c). Elec-
rolyte: phosphate buffer (0.10 mol  L−1), pH 7.4. Modulation amplitude: 0.05 mV.
ulse interval: 0.2 s; 5 mV s−1.phosphate buffer (0.10 mol  L ), pH 7.4. Modulation amplitude: 25 mV. Pulse inter-
val: 0.2 s; 20 mV s−1.
Other factors affecting these responses include the fact that sin-
gle strand DNA can achieve greater proximity and adsorption onto
the electrode surface due to its higher conformational ﬂexibility,
facilitating charge transfer between DNA bases and the electrode
[48,52–54].
The same oligonucleotide sequences studied previously using
direct detection of hybridization [poly(GA) and poly(CT)] were
used for tests of indirect detection, using ethidium bromide as a
hybridization indicator. Ethidium bromide (3,8-diamino-5-ethyl-
6-phenyl phenanthridinium bromide) is a well-known drug that
intercalates very efﬁciently into the DNA double helix. X-ray anal-
yses and computational modeling indicate that ethidium bromide
intercalation lengthens the DNA helix and promotes unwinding of
the phosphodiester backbone [55].
Fig. 3 shows differential pulse voltammograms of ethidium bro-
mide on a graphite electrode modiﬁed with poly(4-aminophenol)
containing poly(GA), before or after incubation (15 min) with a non-
complementary [poly(GA)] or complementary [poly(CT)] target.
Fig. 3 indicates that the oxidation potential of ethidium bromide
on the modiﬁed electrode and probe is about +0.65 V (Fig. 3a). When
the non-complementary target poly(GA) is added, the current val-
ues observed are very similar to the probe (Fig. 3b). In addition,
when a complementary target is added (Fig. 3c), the oxidation
current increases due to the increased concentration of ethid-
ium bromide on the electrode, leading to greater intercalation in
the double strand formed between poly(GA):poly(CT) (hybridiza-
tion event). This result also indicates that the device discriminates
between non-complementary and complementary targets.
Fig. 4 shows differential pulse voltammograms of ethidium bro-
mide as redox intercalator on modiﬁed graphite electrode. The
immobilized poly(GA) probe was  incubated with different concen-
trations of the complementary target poly(CT), and a dependence
of current on concentration was  observed after hybridization with
the complementary target.
Fig. 4 shows that the current increases with the concentra-
tion of the complementary target, indicating accumulation of
ethidium bromide on the surface and hybridization with the
complementary target. Ethidium bromide has a central phenan-
thridine ring system that intercalates into double stranded DNA.
A linear relationship of current to the concentration of the
complementary target was observed between 0.18 × 10−6 and
1.8 × 10−6 mol  L−1. The linear regression equation obtained was:
i(A) = 4.052 × [poly(CT)] + 10.38 (three independent experiments)
with a correlation coefﬁcient of 0.996. The detection limit for the
complementary target was  0.18 mol  L−1.
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Fig. 4. (A) Differential pulse voltammograms of ethidium bromide onto graphite electrode modiﬁed with poly(4-aminophenol) prepared in pH 0.5 (baseline-corrected), 100
potential scans, containing poly(GA) before or after hybridization with the target poly(CT) in concentrations different. Electrolyte: phosphate buffer (0.10 mol L−1), pH 7.4.
Modulation amplitude: 25 mV.  Pulse interval: 0.2 s; 20 mV  s−1. (B) Calibration data for the electrooxidation signal of ethidium bromide, obtained after hybridization of the
probe  [poly(GA)] with the complementary target [poly(CT)].
Fig. 5. Differential pulse voltammograms of graphite electrode modiﬁed with
poly(4-aminophenol) prepared in pH 0.5 (baseline-corrected), 100 potential scans,
containing HepB1 (probe) before (a), or after incubation with HepB2 (comple-
mentary target) (b), or incubation with NonHepB (non-complementary target) (c).
Electrolite: phosphate buffer (0.10 mol  L−1), pH 7.4, modulation amplitude: 25 mV.
P
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Fig. 6. Differential pulse voltammograms of ethidium bromide onto graphite elec-
trode modiﬁed with poly(4-aminophenol)/HepB1 before hybridization (a) or after
F
1
3
P
culse interval: 0.2 s; 20 mV s−1.
Studies were conducted using an oligonucleotide probe spe-
iﬁc for hepatitis B virus DNA, which was suitable for the capture
f target sequences. After modifying the surface of the electrode
ith a DNA probe (HepB1), the device was evaluated in the pres-
nce of an oligonucleotide speciﬁc for hepatitis B virus (HepB2,
omplementary target) or with a control sequence (NonHepB, non-
omplementary).
ig. 7. (A) Differential pulse voltammograms of ethidium bromide onto graphite electr
00  potential scans, containing ssDNA (HepB1) before or after hybridization with conce
.78  × 10−8 mol L−1, 7.56 × 10−8 mol  L−1, 1.89 × 10−7 mol  L−1 and 1.89 × 10−6 mol  L−1). El
ulse  interval: 0.2 s; 20 mV s−1. (B) Calibration data for peak current of ethidium brom
omplementary target.hybridization with complementary target HepB2 (b). Electrolyte: phosphate buffer
(0.10 mol  L−1), pH 7.4. Modulation amplitude: 25 mV.  Pulse interval: 0.2 s; 20 mV s−1.
The results, shown in Fig. 5, indicate a decrease in the cur-
rent after hybridization with the complementary target (Fig. 5a
and b), consistent with the results obtained for poly(GA):poly(CT)
sequences (Fig. 2). In addition, the device distinguished between
complementary (Fig. 5b) and non-complementary sequences
(Fig. 5c), suggesting that the device is selective.Experiments also included indirect detection of an oligonu-
cleotide speciﬁc for hepatitis B virus (HepB2), using ethidium
bromide as hybridization indicator (Fig. 6).
ode modiﬁed with poly(4-aminophenol) prepared in pH 0.5 (baseline-corrected),
ntrations different of DNA target (HepB2: 1.89 × 10−9 mol  L−1, 1.89 × 10−8 mol L−1,
ectrolyte: phosphate buffer (0.10 mol  L−1), pH 7.4. Modulation amplitude: 25 mV.
ide obtained after hybridization of modiﬁed electrode containing the probe with
A.C. Honorato Castro et al. / Applied Surface Science 314 (2014) 273–279 277
Fig. 8. Voltammetric response of the genosensor in the absence (a) or presence
of  the negative serum (b) and positive serum (c) from patient with HBV infection.
Inset: Histogram of the sample using the oxidation signal from ethidium bromide.
The differential pulse voltammetry was carried out in the following conditions: elec-
trolyte: phosphate buffer (0.10 mol  L−1), pH 7.4. Modulation amplitude: 25 mV. Pulse
interval: 0.2 s; 20 mV  s−1.
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Fig. 9. Differential pulse voltammograms of ethidium bromide onto modiﬁed
graphite electrode containing the probe HepB1 before hybridization (a), and after
hybridization with: oligonucleotide containing three-base mismatches (Mis3HepB)
(b),  and complementary oligonucleotide (HepB2) (c).
F
cAs shown in Fig. 6, the magnitude of the current due to ethid-
um bromide oxidation increases when HepB1 and HepB2 interact
Fig. 6b), indicating that the concentration of the indicator had
ncreased on the surface of the modiﬁed electrode due to inter-
alation of ethidium bromide in the double strand. This conﬁrmed
hat hybridization had occurred.
Fig. 7 shows the differential pulse voltammograms of ethidium
romide using the modiﬁed graphite electrode after hybridization
f the immobilized probe (HepB1) with the complementary target
HepB2), and also shows dependence of current response with the
ncreasing of the complementary target.
With the increase of HepB2 concentration from 1.89 × 10−9 to
.89 × 10−6 mol  L−1, the response signal caused by ethidium bro-
ide increased. The detection limit and sensibility for HepB2 were
.61 nmol L−1 and 4.9 A/mol L−1 respectively, with a correlation
oefﬁcient of 0.998 (three independent experiments).
The response of genosensor was evaluated using negative serum
nd positive serum from patient with HBV infection (Fig. 8).
The applicability of the sensor was evaluated using real sample.
he results showed that the modiﬁed electrode containing EBV1
s able to recognize the complementary sequence in real sample
Fig. 8).
The ability of this device to effectively discriminate point muta-
ions is shown in Fig. 9.As shown in Fig. 9, the amplitude of the oxidation peak current to
thidium bromide differed between the oligonucleotide containing
hree-base mismatches (Mis3HepB, Fig. 9b) and the complemen-
ary oligonucleotide (HepB2, Fig. 9c). This suggests that the device
ig. 10. Topographical AFM images of graphite electrode modiﬁed with poly(4-amino
omplementary target HepB2 (C).has the potential to discriminate mismatches, as required for detec-
tion of diseases caused by point mutations. The higher potential
values, observed after hybridization with the complementary tar-
get, are due to the higher charge transfer resistance caused by the
formation of duplex (see Fig. 6).
AFM images were used to study the surface of the poly(4-
aminophenol)-modiﬁed electrode without biomolecules, after
immobilization of the oligonucleotide probe (HepB1) and after
incubation with the complementary target (HepB2) (Fig. 10).
Roughness values obtained by AFM were: 40.41 ± 1.52 nm (bare
graphite electrode), 27.21 ± 0.46 nm [modiﬁed electrode with
poly(4-aminophenol)], 36.54 ± 0.085 nm [modiﬁed electrode with
poly(4-aminophenol)/HepB1] and 60.50 ± 2.12 nm [modiﬁed elec-
trode with poly(4-aminophenol)/HepB1: HepB2].
As shown in Fig. 10, immobilization of HepB1 (Fig. 10B) produces
an increase in the height and size of the clusters present in
the poly(4-aminophenol)-modiﬁed electrode (Fig. 10A), indicat-
ing that the oligonucleotide was  successfully incorporated onto
the electrode surface. Alterations of the surface were observed
after incubation with the complementary target (HepB2). Modi-
ﬁed electrodes containing poly(4-aminophenol)/HepB1 (Fig. 10B)
and poly(4-aminophenol)/HepB1:HepB2 (Fig. 10C) showed globu-
lar topographies, but the latter was  less homogenous, with larger
clusters. These modiﬁcations of the electrode surface may be due
to the fact that dsDNA molecules are more elongated and inﬂexible
than ssDNA, and can therefore form larger structures. This sug-
gests the occurrence of a hybridization event, in agreement with
the results of the electrochemical studies.
phenol) (A); after immobilization of the probe HepB1 (B); after incubation with
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. Conclusions
The combination of an electrode modiﬁed with poly(4-
minophenol) and immobilization of DNA probes is a promising
trategy for detection of biological recognition elements for hep-
titis B virus and other DNA sequences. Oligonucleotides give a
ronounced electrochemical response on electrodes modiﬁed with
his polymer; hybridization experiments can be followed by differ-
ntial pulse voltammetry. It was possible to detect hybridization
y direct oxidation of guanosine and adenosine bases, or by an
ndirect process using ethidium bromide as a hybridization indi-
ator. Based on the response of the hybridization indicator, the
omplementary DNA sequence produced an increase in the cur-
ent. Poly(4-aminophenol) is promising for use in genosensors for
iagnosis of hepatitis B and other diseases based on recognition of
NA sequences.
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